Electronic structure and bonding in anionic coinage metal clusters are investigated via densityfunctional calculations, focusing on an extensive set of isomers of Cu 7 2 , Ag 7 2 , and Au 7 2 . While the ground states of Cu 7 2 and Ag 7 2 are three dimensional (3D), that of Au 7 2 is planar, separated from the optimal 3D isomer by 0.5 eV. The simulated thermally weighted photoabsorption spectrum of Au 7 2 is dominated by planar structures, and it agrees well with the measured one. The propensity of Au N 2 clusters to favor planar structures (with N as large as 13) is correlated with strong hybridization of the atomic 5d and 6s orbitals due to relativistic effects. DOI: 10.1103/PhysRevLett.89.033401 PACS numbers: 36.40.Cg, 36.40.Mr, 36.40.Vz, 71.15.Rf The atomic electronic structure of Cu, Ag, and Au, featuring a filled d shell and a singly occupied s shell [nd 10 ͑n 1 1͒s 1 , with n 3, 4, and 5 for Cu, Ag, and Au], suggests that the properties of these metals could be treated to first approximation within a "simple metal" framework -that is, as s 1 -electron systems perturbed, with increasing strength from Cu to Au, by the underlying filled d shell. However, the above view may be oversimplified since this series contains Au which exhibits very strong relativistic effects [1] .
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Recently, there has been a surge of interest in the properties of finite nanoscale gold systems serving as building blocks of nanostructured materials and electronic devices [2 -6] , as well as novel nanocatalytic systems [7, 8] . In light of the observed extreme size sensitivity of the properties of small gold aggregates, it is imperative that a fundamental understanding of the electronic and geometric structures of gold clusters be gained and put in context within the coinage metal group (for pertinent studies of coinage metal clusters, see Refs. [9] [10] [11] [12] [13] [14] [15] [16] ). Added motivation for such studies derives from theoretical predictions [4] of a transition from two-dimensional (2D) to 3D optimal structures of neutral gold clusters and their anions (Au N and Au N 2 ) for N $ 8 and N $ 7, respectively, and recent gas-phase mobility experiments [15] where evidence has been found for 2D structures of Au N 2 with N extending to unusually large sizes, i.e., up to 9-11 atoms.
Here we show through an extensive density-functional study, focusing on Cu 7 2 , Ag 7 2 , and Au 7 2 [17] , that relativistic effects on bonding and structures in small gold clusters lead to quite remarkable results. In particular, the structures of the ground state and the close-lying first isomer of Au 7 2 are found to be planar, separated by a large energy gap (0.47 eV, equivalent to an internal vibrational temperature [18] of 730 K) from the lowestlying 3D isomer. Furthermore, the propensity of anionic gold clusters to favor planar structures continues up to surprisingly large sizes, at least up to 13 atoms. This trend correlates with a relativistically enhanced stronger sd hybridization and d-d interaction in gold than in Ag and Cu, where for the latter elements the 2D ! 3D structural transition occurs for smaller clusters.
The electronic and geometric structures (optimized without any symmetry constraints) were obtained through Born-Oppenheimer density-functional calculations [19] employing norm-conserving scalar-relativistic pseudopotentials [20] and including self-consistent gradient corrections (PBE-GGA) [21] .
For each of the metals we show in Fig. 1a the calculated energetic ordering of nine optimized cluster structures (given in Fig. 1b and described in the caption). While Cu 7 2 and Ag 7 2 clearly favor 3D structures, similar to Na 7 2 that we included for comparison, the ground-state structure of Au 7 2 is 2D (edge-capped square: ECS) with a close-lying planar structure (edge-capped rhombus, ECR) as the first isomer (separated by about 50 K in vibrational temperature; see the scale on the right-hand side of Fig. 1a ). The lowest-lying 3D structure of Au 7 2 (edgecapped pyramid, ECP) is separated from the 2D ground state by 730 K, and it differs from the optimal 3D structures of the Cu, Ag (and Na) clusters. The surprisingly clear tendency of Au 7 2 to favor planar structures is due to relativistic effects, as verified directly via comparison of the (3D) capped octahedral (COh) and (2D) ECS structures reoptimized with a nonrelativistic gold pseudopotential (employing the core radii given in Ref. [20] ); see element AuNR in Fig. 1a 2 stronger binding correlates with enhanced sd hybridization (Fig. 1b) . Furthermore, a strong sd hybridization favors planar bonding for Au 7 2 (compare open and filled symbols in Fig. 1b) . Note that for nonrelativistic Au 7 2 (AuNR in Fig. 1 ), both the binding energy and sd hybridization are reduced compared to the relativistic case, and as aforementioned the ground state reverts to a 3D structure (COh) with a hybridization index similar to Ag 7 2 (Fig. 1b) [22] .
The relativistic contraction of the Au 6s orbital is concomitant with a significant shortening of the interatomic bond distances (typically 0.25 Å for the Au 7 2 isomers studied here) [23] resulting in an increased overlap between the 5d orbitals of neighboring atoms. Consequently, in the relativistic Au 7 2 clusters the KS molecular orbitals derived from the d electrons are more delocalized over the volume of the cluster than in the AuNR 7 2 case, as portrayed in the significantly smaller electronic kinetic energies (E [19] ) which always favor higher coordination, i.e., 3D structures, and it is this energy balance that underlies the lower dimensionality of smaller clusters (N # 13͒ and the transition to 3D clusters for larger sizes.
The strong sd hybridization and d-d interaction in Au 7 2 leads to a rather large d-band width compared to the Cu 7 2 and Ag 7 2 clusters [see the density of states (DOS) plotted for the 3D COh and 2D ECS structures in Fig. 2) ; note that the bandwidth and the shape of the DOS of the AuNR 7 2 are very similar to that of Ag 7 2 [24] . Through comparisons between the measured photoelectron spectra [including the vertical electron detachment energy (vDE)] and those calculated for specific atomic arrangements, one may obtain valuable information about the cluster geometries. While the large gap between the 2D and 3D isomers of Au 7 2 (corresponding to a vibrational temperature of 730 K) suggests that cluster beams consisting mainly of planar ground-state clusters may be formed and detected, comparison of the calculated vDEs (Table I) to the measured one [14] indicates that a definite determination of the structure of Au 7 2 cannot be made based solely on this observable. We note, however, that the shape of the lowenergy region of the calculated DOS of the ground-state 2D ECS structure (i.e., the two peaks corresponding to the highest occupied states above the steep d-band edge; see the top curve in Fig. 2c between E 22.3 eV and E F ) agrees rather well with the early PES spectra [9] , as well as with a recent high-resolution experiment [14, 25] .
Another method commonly used for probing the electronic and geometric structures of clusters (through comparisons with simulated spectra) is optical absorption (photodepletion) spectroscopy. The optical absorption oscillator strengths, calculated via the time-dependent local density approximation (TDLDA) [26, 27] , for the ground-state planar ECS structure and the lowest-energy 3D ECP isomer are shown in Figs. 3a and 3b , respectively. The measured [15] spectrum of Au 7 Xe 2 shows a strong transition at 2.5 eV, followed by weaker ones at 2.6, 2.8, and 3.2 eV (the transition energies are denoted by the FIG. 3 . Calculated TDLDA oscillator strengths of optical transitions for the 2D ground-state structure ECS (a) and the optimal 3D structure ECP (b). Comparison to experiment [15] is given in (c), displaying a calculated thermally weighted spectrum consisting of the two lowest-energy 2D and 3D structures (2D: ECS, ECR; 3D: ECP, and COh; see filled dots on the upper abscissa of Fig. 3c ). To facilitate comparison to the experiment, we show in Fig. 3c the thermally (Boltzmann) weighted TDLDA spectrum for "low" (100 K) and "high" (700 K) temperatures. The spectrum, and particularly the first peak at 2.6 eV, is dominated by the ground-state features, and thus it provides strong support for the high abundance of planar structures in the measured beam of Au 7 2 clusters. Finally, we note that our calculations predict that the tendency of Au N 2 clusters to prefer planar structures extends to surprisingly large sizes; that is, our results indicate that planar structures are energetically favorable up to at least N 13 [28] , correlating with recent measurements and related quantum-chemical calculations [15] . This unique behavior, that has been shown here to be an added manifestation of the strong relativistic effects in gold [1, 29, 30] , is likely to influence the gas-phase reactivity and catalytic activity of small gold clusters, e.g., with O 2 [8] and CO [31] .
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